overlapping with the initiating ATG codon and a 3' NotI site immediately after the stop codon. This PCR product, along with pGG, was digested with NcoI and then NotI, and the resulting large fragments gel purified and then ligated together to create pGGsC. The inserted rOsCPS4 was verified by complete sequencing.
pGGnC
Both NcoI sites of rAgAS (at nucleotides 972 and 1630) were removed by synonymous sitedirected mutagenesis using PCR amplification with overlapping mutagenic primers. The resulting rAgAS(-NcoI) construct was verified by complete sequencing and the D621A mutant 6 (re)created by overlapping PCR site-directed mutagenesis. This rAgAS:D621A construct was PCR amplified with primers that introduced a 5' NcoI site overlapping with the initiating ATG codon and a 3' BamHI site immediately after the stop codon. This PCR product, along with pGG, was digested with NcoI and then BamHI, and the resulting large fragments gel purified and then ligated together to create pGGnC. The inserted rAgAS:D621A was verified by complete sequencing.
Recombinant strains.

Analysis
Gas chromatography-mass spectrometry (GC-MS) was performed on organic extracts using an HP1-MS column on an Agilent (Palo Alto, CA) 6890N GC instrument with 5973N mass selective detector in electron-ionization mode (70eV) located in the W.M. Keck Metabolomics Research laboratory at Iowa State University, much as previously described. 5 Briefly, 5 µL of sample was injected at 40°C in splitless mode, the oven temperature held at 40°C for 3 min., then raised at 20°C/min. to 300°C, and held there for 3 min. MS data was collected from 50 to 500 m/z during the temperature ramp and final hold. The biosynthetically produced diterpenes were identified by comparison of retention time and mass spectra to authentic samples (see Supporting Figure) . The amount of diterpene produced was determined by comparison of the biosynthetic organic extracts to a standard curve constructed with the use of known quantities of cembrene (Acros Organics, Geel, Belgium).
Transformation and expression
Previous work has established that the OverExpress C41 strain of E. coli (Lucigen, Middleton, WI) is well suited to T7 promoter based expression of plant derived labdane-related diterpene synthases. 4 Thus, all work in this study has been carried out with the use of this C41 strain. Chemically competent C41 cells (10 µL) were typically co-transformed with 1 µL of each plasmid and grown with dual antibiotic (34 µg/mL chloramphenicol and 50 µg/mL carbenicillin) selection on NZY media. Expression of the encoded genes was induced by the addition of IPTG.
Optimization
A number of factors were examined for their effect on diterpene production in the utilized shake flask culture growths. In particular, with the ent-kaur-16-ene (6) producing C41 strain transformed with pGGeC + pDEST15/AtKS. First, while all cultures were grown to mid-log phase (0.4-0.6 A 600 ) at 37°C, the effect of varying temperature from 15-30°C for expression of the introduced metabolic pathway was examined, and 20°C found to be optimum. Second, the amount of IPTG inducer, as a proxy for enzymatic expression level, was varied between 0.05 -1 S3 mM, and 0.5 mM found to be optimal. Thus, all cultures were grown to mid-log phase at 37°C, then shifted to 20°C for 1 hour prior to induction of the introduced metabolic pathway with 0.5 mM IPTG. Finally, the addition of glycerol to a final concentration of 5 g/L was found to also increase diterpene yield.
Secretion of diterpenes enables ready isolation from mixed phase culture growths
Expecting the produced hydrocarbon compounds to partition into the membrane, our initial analyses of diterpene production solely focused on organic solvent extraction of cell pellets from shake flask growths. However, more detailed analysis of the ent-kaur-16-ene (6) producing C41 strain transformed with pGGeC + pDEST15/AtKS revealed that ~90% of the diterpene resides in the spent culture media (i.e. the liquid remaining after the cells were removed by centrifugal pelleting). The spent media also provided a cleaner source of diterpene than cell pellets. In addition, the use of mixed phase cultures, specifically liquid media growth cultures containing adsorbent resin (i.e. liquid and solid phases), for harvesting a similarly secreted sesquiterpenoid has been previously reported. 7 We also found that inclusion of hydrophobic Diaion HP-20 beads (Supleco, Bellefonte, PA) enabled ready isolation of the biosynthetically produced diterpenes. Upon analysis of such mixed phase cultures with 1-5% (wt/vol) Diaion HP-20 beads, growths with 2% Diaion HP-20 beads were found to be optimal, increasing the observed yield ~2-fold from that obtained with liquid only cultures (presumably by preventing the loss of diterpene to volatilization, e.g. kaurene is emitted by several plant species, 8 and similar loss to volatilization has been reported for E. coli engineered to produce the sesquiterpene amorpha-4,11-diene 9 ). The Diaion HP-20 beads from a typical 50 mL mixed phase culture growth were removed by filtration through a #100 sieve (Hogentogler & Co, Columbia, MD), washed in 25 mL dH 2 O, again isolated by filtration, and then washed in 25 mL EtOH, followed by transfer to a glass wool plugged pasteur pipet. The isolated beads were then further washed with EtOH until all pigmentation is removed, i.e. the eluant is clear (10-15 column volumes). The beads were then dried by the application of a gentle flow of nitrogen gas prior to elution with 6 mL hexanes. A ~1 mL silica gel column with ~0.1 mL anhydrous magnesium sulfate overlay pre-washed with ~2 mL hexanes was prepared, and the organic extract passed over this column, which was then further washed with an additional ~2 mL hexanes. The pooled extract and wash was then dried under nitrogen gas and resuspended in 1 mL of hexanes for GC-MS analysis. Typical yields from this protocol were 5-100 µg/L of mixed phase culture growth (see Supporting Table) , with the diterpene generally representing the most abundant extracted compound (e.g. Figure 1 ). Analysis of strains carrying pGGeC + either a mutant or wild-type rAtKS indicate that product yield corresponds to KS activity measured in vitro, 10 suggesting that the variation in yield observed here may largely reflect underlying changes in total activity, due to differences in catalytic rate and/or expression level, of the various class I diterpene synthases utilized in these studies. Notably, the yields at the higher end of the range observed here are similar to that previously reported for E. coli engineered to produce the sesquiterpene amorpha-4,11-diene prior to any further optimization of isoprenoid precursor supply (ca ~100 µg/L in similar shake-flask production runs), although a >100-fold in yield was observed upon such optimization. 11 Thus, future work will be focused on similarly increasing isoprenoid precursor supply within the context of the modular approach to labdane-related diterpene biosynthesis demonstrated here.
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